Microbial communities have a central role in ecosystem processes by driving the Earth's biogeochemical cycles. However, the importance of microbial diversity for ecosystem functioning is still debated. Here, we experimentally manipulated the soil microbial community using a dilution approach to analyze the functional consequences of diversity loss. A trait-centered approach was embraced using the denitrifiers as model guild due to their role in nitrogen cycling, a major ecosystem service. How various diversity metrics related to richness, eveness and phylogenetic diversity of the soil denitrifier community were affected by the removal experiment was assessed by 454 sequencing. As expected, the diversity metrics indicated a decrease in diversity in the 1/10 3 and 1/10 5 dilution treatments compared with the undiluted one. However, the extent of dilution and the corresponding reduction in diversity were not commensurate, as a dilution of five orders of magnitude resulted in a 75% decrease in estimated richness. This reduction in denitrifier diversity resulted in a significantly lower potential denitrification activity in soil of up to 4-5 folds. Addition of wheat residues significantly increased differences in potential denitrification between diversity levels, indicating that the resource level can influence the shape of the microbial diversityfunctioning relationship. This study shows that microbial diversity loss can alter terrestrial ecosystem processes, which suggests that the importance of functional redundancy in soil microbial communities has been overstated.
Introduction
The consequences of decline in biodiversity for ecosystem processes and functioning have long been of considerable interest (Chapin et al., 2000; Loreau et al., 2001; Wardle et al., 2011) . Current understanding indicates that in general higher levels of biodiversity correspond to increased ecosystem functioning; however, the magnitude of this effect varies among ecosystem properties and the studied communities (Hooper et al., 2005) . The most influential studies have focused on the relationship between plant diversity and primary production in grassland ecosystems, yet despite being central in driving the Earth's biogeochemical cycles, the role of microbial diversity has been neglected until the last decade.
The significance of biodiversity loss is challenged by the concept of functional redundancy. Since different species can have the same function in ecosystems, functional redundancy predicts that the loss of species does not necessarily alter ecosystem functioning because of their replacement by other species for maintaining processes (Loreau, 2004) . In terrestrial ecosystems where microbial diversity is orders of magnitude higher than in aquatic environments (Torsvik et al., 2002) , a high functional redundancy is expected (Nannipieri et al., 2003) . Schimel (1995) proposed that functional redundancy is greater for processes carried out by a large group of diverse soil microorganisms (defined as broad processes), such as respiration or mineralization, than for processes performed by only a few specific microorganisms (defined as narrow processes). However, experimental decrease of microbial diversity did not alter either 'broad' or 'narrow' processes such as thymidine and leucine incorporation, carbon mineralization, denitrification and nitrification (Griffiths et al., 2001; Wertz et al., 2006) . Similarly, minor changes in carbon mineralization despite important shifts in bacterial and fungal growth also suggest functional redundancy (Rousk et al., 2009) . In contrast, comparison of litter decomposition rates in soil microcosms inoculated with different microbial communities showed that differences in community composition lead to functional dissimilarities (Strickland et al., 2009) . Functional redundancy is also challenged by the findings that rare soil microbes are not redundant but may play a role in ecosystem functioning by enhancing plant defense against herbivores (Hol et al., 2011) . These studies highlight our limited knowledge of the extent of functional redundancy in microbial communities, yet determining that its role in ecosystem functioning is essential for deciphering the value of microbial diversity.
Here, we address the question of the importance of functional redundancy in microbial communities by investigating whether the loss of species can be compensated for by others with the same functional role for maintaining ecosystem processes. For this purpose, we used a trait-based approach with the denitrifier community as model functional guild. Denitrifiers are taxonomically diverse microorganisms capable of reducing soluble nitrogen oxides into the gases N 2 O and N 2 (Philippot et al., 2007) . It is the main biological process responsible for the return of fixed nitrogen to the atmosphere, thus completing the N-cycle. Denitrifiers are also responsible for greenhouse gas emission and nitrogen losses (Conrad, 1996) . Microbial diversity was manipulated through a removal experiment (Diaz et al., 2003) by inoculating sterile soil microcosms with serial dilutions of a soil microbial suspension. The impact of the removal experiment on the denitrifier genetic diversity was evaluated using high-throughput sequencing. If functional redundancy is supported, denitrification rates would be similar despite differences in diversity levels. We further tested whether the availability of resources influences the relation between microbial diversity and process rates by incubating the soil microcosms with and without plant residues.
Materials and methods

Microcosm and experimental design
The soil was collected from the top 10 cm of a Cambisol near Lusignan (South-West of France: 46125 0 12.91 00 N; 0107 0 29.35 00 E). The grassland soil had a texture of 15% sand, 67% silt and 18% clay, a pH of 6.6 and contained 13.2 mg C g À 1 soil and 1.5 mg N g À 1 soil. The soil was sieved to o2 mm and divided into 81 microcosms of 40 g before sterilization by g-radiation (35 kGy; Conservatome, Dagneux, France). The soil microcosms were then inoculated with suspensions of the same soil that was not sterilized. An initial soil suspension was prepared by mixing 100 g soil (equivalent dry mass) with 300 ml sterile distilled water using a Waring blender. After blending for 5 min at maximum speed, the soil suspension was serial diluted. Three levels of dilution of the soil suspension were used as inocula to create a gradient of diversity, that is, undiluted (10 0 ; D1), 1/10 3 dilution (D2) and 1/10 5 dilution (D3) and triplicate microcosms were inoculated for each treatment. Approaches to experimentally manipulate microbial diversity have inherent bias and, for example, dilution approaches neglect the role of cell aggregates or biofilms that occur in soils, potentially biasing the proper diluting out of microbial species. However, in contrast to artificial community assembly approaches, members of the resulting communities following dilution originate from a naturally assembled community, and thereby provide a more realistic scenario for testing the effects of diversity loss. Since serial dilution results in differing inoculum biomass, microcosms were pre-incubated at 20 1C to allow microbial colonization. After 6 weeks pre-incubation, 5 mg g À 1 of ground oven-dried wheat shoot residues (65 1C for 48 h) were added in half of the microcosms. At days 0 (T0; addition of the residues), 3 (T3), 7 (T7), 14 (T14) and 29 (T29), three microcosms from each treatment were used for activity and molecular analyses. PCR amplifications of 16S and 18S rRNA genes from wheat residues were negative, indicating that they were not a source of additional denitrifiers.
Denitrification activity measurements
Potential denitrification activity was measured using the acetylene inhibition technique. For each of the five dates, 1 g of soil from the microcosms (3 replicates Â 3 dilution Â 2 resource levels) was placed in 10-ml flasks and 0.6 ml of a solution containing KNO 3 (240 mg l À 1 ), glucose (180 mg l À 1 ) and chloramphenicol (8.33 g l À 1 ) was added. The flasks were then sealed and purged several times by evacuating the ambient air and filling with N 2 . Acetylene was then added (10% v/v of flask headspace) and the flasks were incubated at 20 1C. The gas atmosphere of these flasks was sampled after 30 min and 60 min of incubation and analyzed on a GC (Varian 3400 Cx) fitted with an ECD detector. Denitrification rates were calculated from the N 2 O production during incubation.
DNA extraction
For each replicate microcosm from each dilution treatment, DNA was extracted using a procedure developed by the GenoSol platform for application in large-scale soil surveys (Terrat et al., 2012) . Briefly, in a 15-ml Falcon tube, 2 g of each soil sample was mixed with 4 ml of a solution containing 100 mM Tris (pH 8.0), 100 mM EDTA (pH 8.0), 100 mM NaCl, and 2% (wt/vol) sodium dodecyl sulfate. In all, 2 g of 100-mm diameter silica beads, 2.5 g of 1.4-mm diameter ceramic beads and 4 glass beads of 4-mm diameter were added to the mixture. The samples were then homogenized for 3 Â 30 s at 4 m s À 1 in a FastPrep-24 (MP-Biomedicals, Santa Ana, CA, USA) and incubated for 30 min at 70 1C before centrifugation at 7.000 Â g for 5 min at 20 1C. Quantification of the denitrifier community abundance Evaluation of the denitrifier abundances by quantitative PCR was performed for all sampling times according to Henry et al. (2006) using the nosZ gene as a molecular marker as previously performed (Scala and Kerkhof, 1999; Horn et al., 2006; Kjellin et al., 2007 Barcoded pyrosequencing analyses of the denitrifier community The denitrifier community composition was assessed just before the addition of wheat shoot residues, that is, 6 weeks after inoculation to enable the soil colonization by the inoculated microorganisms. DNA extracts from the triplicate microcosms inoculated with the different dilutions were amplified using a two-step PCR procedure as recommended by Berry et al. ( 2012) for barcoded pyrosequencing. Briefly, 20 cycles of amplification were performed with the nosZ1 (5 0 -WCSYTGT TCMTCGACAGCCAG-3 0 ) and nosZ2 (5 0 -ACSSKSA CCTTSTTGCCGTYGC-3 0 ) primers previously described (Henry et al., 2006) . In the second step, 1 ml of the PCR products of the first reaction were amplified in a 15-cycle PCR using the nosZ forward primers preceded by 10 basepair-long barcodes, the sequencing key and the sequencing primer (Supplementary Table S1 ). The PCR products from two PCR were agarose gel verified, pooled and purified using the QIAEX II kit (Qiagen, Courtaboeuf, France). Pyrosequencing on a Roche's 454 FLX Genome Sequencer was performed by Genoscreen (Lille, France) using the Titanium Chemistry following the manufacturer's instructions. Due to technical problem, one replicate from the d1 treatment was discarded and not used in subsequent analyses.
Processing of pyrosequencing data and phylogenetic analysis Sequence data were initially screened and de-multiplexed using the QIIME sequence analysis platform (Caporaso et al., 2010) , with default minimum sequence quality (25) and size range (200-1000) parameters. The split sequence libraries were then screened using the HMMFRAME algorithm (Zhang and Sun, 2011) to reduce the occurrence of frame-shift errors within the data set, using a hidden markov model (HMM) based on a reference alignment of full-length NosZ amino-acid sequences obtained from genome sequencing projects. The corrected sequences were then processed using the OTUpipe method within the QIIME, and operational taxonomic units (OTUs) were defined at 97% nucleotide similarity. Representative sequences for each OTU were then translated and compared with the NosZ HMM using HMMER (Eddy, 1998) , whereupon sequences that did not produce significant matches (Eo0.001) to the model were excluded from both the alignment and the final table of OTU abundance. The final set of amino-acid sequences were appended to the reference alignment using HMMER, and nucleotides were then mapped to the corresponding amino-acid positions. The final nucleotide alignment was then inspected manually using the ARB software (Ludwig et al., 2004) . Maximum likelihood phylogeny was calculated using the RAxML algorithm (Stamatakis, 2006) , with the GTR þ G model for nucleotide substitution and empirical base frequencies (Rodriguez et al., 1990) . Columns in the final alignment were weighted based on alignment ambiguity using the ZORRO algorithm (Wu et al., 2012) , and 50 replicate tree searches were performed to find the optimal tree topology. Node confidence was determined using the rapid bootstrap option in RAxML, with 500 bootstrap replicates. Tree plotting with additional OTU abundance data was performed using the iTOL webserver (Letunic and Bork, 2007) . The average abundance of each OTU was calculated among replicates for each dilution level, and values were plotted as a proportion of the maximum OTU abundance detected within each dilution.
Several a-diversity indices, as well as indices depicting the population structure, were calculated based either on the rarefied OTU table at a depth of 7500 sequences per sample (Species richness, Chao1, Shannon and Simpson indices and Pielou's evenness), or both the rarefied OTU table and the phylogenetic tree generated from the previous analysis (Faith's phylogenetic diversity (PD) and the Net-Relatedness Index (NRI)). Note that we chose to calculate the NRI rather than the NTI (Nearest Taxon Index) since NTI is generated from tip-level relationships and therefore less suited for a large data set with a terminally unresolved phylogeny (Cooper et al., 2008) . All the calculations were performed either with the QIIME pipeline (Caporaso et al., 2010) or with the R software (R Foundation for Statistical Computing, Vienna, Austria) using the vegan (Oksanen et al., 2011) and picante (Kembel et al., 2010) packages. To compare between-sample variations in the composition of the total microbial community, unweighted and weighted UniFrac distances (Lozupone and Knight, 2005) were calculated with the QIIME pipeline (Caporaso et al., 2010) . PCoA (Principal Coordinate Analysis) was performed on both distance matrices and coordinates were used to draw 3D graphical outputs.
Deposited 454 read accession numbers
Sequences were submitted to the SRA (Sequence Read Archive) at NCBI under the accession number SRA056092.
Statistical analyses
Repeated-measures ANOVA were performed on the abundance of the nosZ gene copy number per gram of dry soil and on the denitrification rates measured over time at each dilution rate (undiluted, 1/10 3 and 1/10 5 ) in the amended (A) and control (C) treatments. Factors accounting for variation of both response variables were the dilution, soil amendment and sampling time, the latter being the repeated factor. nosZ gene copy number and the denitrification rates were respectively log-transformed and square roottransformed in order to have an approximated Gaussian and homoskedastic residual distribution. Pairwise differences between dilutions for each treatment and at each time point were assessed using a t-test. Bonferroni corrections were used to take into account multiple comparisons.
Results
Quantification of the denitrifier abundance
After a period of 6 weeks to allow for colonization of the sterilized soil by the inoculated microorganisms, quantification of the denitrifier community showed globally similar abundances independent of dilution level (Figure 1) . Thus, the nosZ denitrification gene copy number per gram of dry soil, which was used as a proxy for the denitrifier abundance, was B2 Â 10 7 in all microcosms (Figure 1 ). However, a significant difference between dilutions was observed at T7 (F 2,12 ¼ 37.079, Po0.001) where the abundance of the nosZ gene is slightly higher in the 1/10 5 dilution (Po 0.05) (Figure 1 ). After addition of the wheat residues in half of the microcosms, the denitrifier abundance were generally not affected, with the exception of T7 (F 1,12 ¼ 39.313, Po0.001) where the overall abundance of the nosZ gene is about 5% higher in the amended microcosms (Po0.05). The dilution treatment therefore had little to no significant effect on the abundance of denitrifiers in both the amended and the non-amended microcosms.
Denitrifier community diversity and composition In total, 113 528 high-quality raw sequences ranging from 200 to 550 bp were obtained following de-multiplexing and removal of low-quality reads. After sequence processing with HMMFRAME and removal non-specific amplification products and chimeras from the data set, the remaining 102 265 sequences (out of which 90% were 4350 bp) were grouped into 374 OTUs at a 97% nucleotide sequence identity threshold. A rarefaction analysis indicates that at a depth of 7500 sequences per sample, the nosZ PD plateaued even in the undiluted treatment (Figure 2 ). The decrease in richness and diversity between dilution treatments was supported by various diversity metrics (Table 1) . As expected, the undiluted soil harbored the higher average species richness (235.85 [224.55-247.15] ), followed by the 1/10 3 dilution (177.77 [165.19-190.34] ) and the 1/10 5 dilution (57.33 [53.67-60.98] ), corresponding to a 24% and 75% reduction in the captured diversity, within the diluted treatments. The Chao1 estimator, which reflects the average species richness given adequate sequencing coverage (Figure 1) , the Shannon index and Faith's PD estimator also showed the same trend. Interestingly, both Pielou's evenness index and the Gini-Simpson index showed no significant differences between the undiluted treatment and the 1/10 3 dilution, while these indices were significantly lower at the 1/10 5 dilution. The NRI, which quantifies the overall clustering of taxa on a tree, was negative in the undiluted treatment, indicating a phylogenetic overdispersion of the taxa on the tree. By contrast, NRI was positive in the 1/10 3 and 1/10 5 dilution treatments, indicating a clustering of species that are phylogenetically close. The analysis of the unweighted UniFrac distances showed striking differences in community composition between dilution treatments (Figure 3a) and good between-replicate reproducibility with increasing variability in response to increasing levels of inoculum dilution (Figure 3b) . The phylogenetic tree based on the alignment of the obtained sequences together with nosZ sequences from known strains showed sequences clustering with 
Denitrification process rates
The dilution treatment affected potential denitrification consistently at every time point (F 1,12 ¼ 24.909, Po0.0001), with rates decreasing as dilution increased ( Figure 5 ). Significant differences were observed between the undiluted and the 1/10 5 dilution at all dates except T3 in the nonamended microcosms, with an average decrease in the potential denitrification activity of about 82% in the 1/10 5 dilution treatment compared with the undiluted one. The 1/10 3 dilution also resulted in a decrease of the activity of about 60% compared with the undiluted treatment; however, differences were significant only at T29 ( Figure 5 ). Addition of wheat residues significantly stimulated the potential denitrification activity in all dilution treatments at every time points (F 1,12 ¼ 181.853, Po0.0001) with twofold to fourfold increases compared with the nonamended microcosms. Similar to the non-amended microcosms, the same trend of decreasing potential denitrification rates with increasing dilution level was observed, except at T14 where pairwise differences were not significant. However, Figure 1 Quantification of the denitrifier community in microcosms inoculated with soil at different dilution levels without (a) and with (b) wheat residue amendment (mean±s.d., n ¼ 3). For each treatment, the same letters above the bars indicate microcosms without significant differences (Po0.05). Quantification was performed at days 0 (T0; addition of the residues), 3 (T3), 7 (T7), 14 (T14) and 29 (T29).
Loss in microbial diversity affects nitrogen cycling in soil L Philippot et al the absolute differences between dilutions were significantly greater in the amended microcosms (dilution Â treatment effect, F 2,12 ¼ 5.890, P ¼ 0.016; Supplementary Figure S1 ). On average, the potential denitrification was about four times higher in the more diverse microcosms amended with residues than in the non-amended microcosms while stimulation by residues was by three and twofold in the 1/10 3 and 1/10 5 dilution treatments, respectively.
Discussion
Since the dilution series of the soil suspension creates differences in inoculum biomass that could affect process rates, the microcosms were preincubated for 6 weeks to allow the establishment of the inoculated microorganisms. Quantification of the denitrifier abundance at the end of the preincubation period (T0) indicates that the inoculated communities had grown and reached a new equilibrium without significant differences among dilutions ( Figure 1 ). The addition of wheat residues had very limited effect on the denitrifier abundance monitored during 1 month. Accordingly, Miller et al. (2008) showed that the number of the denitrifiers was not modified by the short-term addition of wheat, rape or alfafa residues and several studies suggest that carbon is not a strong driver of the denitrifier abundance in soil (Henry et al., 2008; Bru et al., 2011) . Overall, serial dilution of the soil did not lead to a reduction in denitrifier abundances in the amended or non-amended microcosms after the pre-incubation period. On the contrary, an increase in community size was observed in the 1/10 5 dilution treatment at day 7, which is likely due to decreased interspecific competition as predicted by ecological theory (Franklin et al., 2001) . Therefore, we can exclude that any decrease in denitrification rates with dilution would be due to a lower denitrifier biomass.
To assess how the denitrifier community has been affected by manipulation of its diversity by the removal experiment, denitrification gene amplicon pyrosequencing was performed at the end of the preincubation period (T0). Therefore, any change in the denitrifier diversity might not only be due to the effect of the dilution itself but also to species interactions during the re-colonization process. Previous studies have used fingerprinting methods for estimating the effect of removal experiments on microbial diversity (Franklin et al., 2001; Wertz et al., 2006; Peter et al., 2011) , which has inherent limitations (Bent et al., 2007) . To our knowledge, this is the first time that a high-throughput sequencing approach is performed to more reliably evaluate this effect using various diversity indices. All measured diversity parameters indicated that the Loss in microbial diversity affects nitrogen cycling in soil L Philippot et al inoculation with a serial dilution of the soil suspension resulted in microcosms with different levels of denitrifier diversity (Table 1) . As expected, dilution caused an overall drop in diversity. However, despite the high dilution levels of 10 3 and 10 5 fold, only 25% and 75% of the total OTUs were removed in the D2 and D3 treatments, respectively. Similarly, Griffith et al. (2001) reported that the overall biodiversity (calculated from the morphotype of cultivable bacteria, number of DGGE bands, fungal morphotype and protozoa) decreased by about 50% in a sterile soil inoculated with a 10 6 dilution of a soil suspension compared with the least diluted soil (10 0 ). Since the rarefaction curves show a good coverage of the diversity, our results indicate that most OTUs in the denitrifier community are found in high abundance in re-colonized soil and that 24% of the OTUs, which were removed in the 10 3 dilution treatment, can be considered as 'rare.' This is further supported by the high GiniSimpson index and Pielou's evenness values for the undiluted and the 1/10 3 dilution, indicating that the relative abundance of the different species composing the community is relatively similar. At the 1/10 5 dilution, the additional loss of species may create a disequilibrium that resulted in only few species becoming dominant during establishment of communities in the microcosms, thus explaining the differences of both the Gini-Simpson and Pielou's indices. In contrast, it was reported for the total bacterial community that taxa with abundance values higher than 10 5 cells per gram of soil accounted only for 0.1% of the diversity (Gans et al., 2005) . Such differences can be explained by the high diversity level of 8 Â 10 6 bacterial species in 10 g estimated by Gans et al. (2005) compared with 374 denitrifier OTUs present in our soil. This is in line with the results of Palmer et al. (2011) where many OTUs from the targeted denitrifiers were related to nosZ from Proteobacteria, commonly described as one of the dominant bacterium phylum in soil (Janssen, 2006; Nemergut et al., 2011) . At the same time, organisms from other phyla are also capable of denitrification and might possess nosZ genes that are not targeted with our primers (Jones et al., 2013) , while some denitrifiers completely lack 
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Figure 4 Phylogenetic placement and distribution of nosZ OTUs in different dilution levels. The maximum likelihood phylogeny (GTR þ G þ F) consists of representative nucleotide sequences for OTUs detected in all dilutions, as well as reference nosZ sequences obtained from genome sequencing projects. Symbols at different tips in the tree denote reference sequences, with color and shape indicating major taxonomic affiliation. Node confidence (n ¼ 500 bootstrap replicates) between 50-100% is shown (K), where symbol size is scaled to reflect support levels. The phylogeny is rooted at midpoint, and clades consisting only of reference sequences are collapsed. Barplots indicate the average relative abundance of each OTUs, averaged across replicates and normalized to the maximum average value detected within the respective dilutions. The number of shared and unique OTUs in each dilution treatment is shown as a Venn diagram within the tree, where circle size is proportional to the number of OTUs detected.
Loss in microbial diversity affects nitrogen cycling in soil L Philippot et al the nosZ gene. Therefore, we cannot rule out the possibility that representation of some denitrifying groups, which were not captured in this study, has been underestimated. However, this would only influence the evaluation of the extent of the reduction in diversity along the dilution gradient but not the diversity loss itself. Thus, it is expected that the very act of diluting the entire microbial community led to a significant loss in the diversity of all microbial groups, and therefore the patterns observed likely apply to the denitrifier community as a whole. Dilution simulation predicts that the greatest differences in community structure among replicated samples will occur at the highest dilution levels (Franklin et al., 2001) . Accordingly, we found that the denitrifier community composition between replicates was more similar for the low than for the high dilution treatments (Figure 3 ). While this prediction did not hold true in the original work of Franklin et al. (2001) , other studies using a similar dilution approach also reported greater differences between fingerprints obtained from the samples inoculated with the highest dilution (Griffiths et al., 2001; Wertz et al., 2006) . This higher variability could be attributed to the stochastic removal of some species, lower interspecific competition or to priority effects with the establishment of some OTU influencing subsequent colonization by others, all leading to increased stochastic reassembly in the most diluted treatment during soil re-colonization (Lekberg et al., 2012) .
When examining potential denitrification, we found a negative response to species removal with a decrease in activity in the diluted treatments ( Figure 5 ). Despite a 10 5 dilution of the microbial community between D1 and D3, the decrease in potential denitrification was only about four-to fivefold. However, if we consider the measured diversity rather than the dilution level, both decreases in richness and process rates are in the same order of magnitude. Thus, removal of 75% of the total OTUs in the 1/10 5 dilution treatment led to a decrease in potential activity of about 48 to 88%. Our findings indicating a negative impact of diversity loss on soil functioning are in accordance with a previous experiment showing increased respiration with species richness by manipulation of the bacterial diversity by assembling communities containing up to 72 species (Bell et al., 2005) . The observed decrease in potential denitrification might have also been due to changes in the nitrate concentration, resulting from reduction of the diversity of other microbial communities involved in nitrogen cycling by dilution. In all cases, our results suggest that a decrease in microbial diversity can affect nitrogen cycling in soil. At almost all sampling dates, the decrease in potential denitrification observed in the 1/10 3 dilution treatments was not significant (Figure 5 ). Accordingly, in this dilution treatment neither the Pielou's evenness index nor the Gini-Simpson index were significantly different from the undiluted treatment and only 25% of the OTUs have been removed. Griffiths et al. (2001) observed that the decreases in potential nitrification rates were also significant only in the most diluted treatment (10 6 ). On the other hand, Wertz et al. (2006) reported that neither carbon mineralization nor denitrification were affected by experimental manipulation of the microbial diversity using a removal approach. These divergent observations could be due to differences in the original microbial communities across soils since communities differing in their structure and species composition may show different patterns of ecosystem response to diversity loss with some being more affected than others. Indeed, previous works emphasized the interrelated roles of species identity, community composition and richness in Potential denitrification in microcosms inoculated with soil at different dilution levels without (a) and with (b) wheat residue amendment (mean±s.d., n ¼ 3). For each treatment, the same letters above the bars indicate microcosms without significant differences (Po0.05). Measurements were performed 3, 7, 14 and 29 days after addition of the residues (T3, T7, T14 and T29). Note that the y-axis differ between (a, b).
Loss in microbial diversity affects nitrogen cycling in soil L Philippot et al determining ecosystem processes (Tilman, 1997; Peter et al., 2011) . This is summarized by the idiosyncratic response hypothesis, that is, both species identity and biodiversity simultaneously affect ecosystem functions but species-specific effects depend on environmental conditions and are therefore difficult to predict Emmerson et al., 2001 ). More recently, Wittebolle et al. (2009) showed that evenness, which is seldom taken into account in artificial community assembly studies, is also important for functionality. Accordingly, our results also showed that the decrease of activity between the undiluted and the 1/10 5 dilution treatments is correlated with a decrease in evenness. Since the abundance of the inoculated communities reached the soil carrying capacity following the 6-week pre-incubation, as demonstrated by the fact that no modification of the denitrifier abundance was observed between T0 and T29, it is very likely that the communities had reached an equilibrium in diversity by time T0. In order to test whether the resource level could also be of importance in determining the shape of the microbial diversity-functioning relationship, the soil microcosms with different levels of denitrifier diversity were incubated for 1 month with and without wheat residues. Stimulation of potential denitrification in all treatments indicated that the added substrates were available despite the fact that no significant increase in denitrifier biomass was observed (Figures 1 and 5) . We also found that the addition of substrates significantly increased absolute differences in potential denitrification among dilutions (P ¼ 0.016; Supplementary Figure S1 ). The greater positive response of denitrification activity to the addition of plant residues in the microcosms with the more diverse communities could be due to a higher functional complementarity leading to a better use of the overall resources. Thus, assemblages of microbial communities showed that the effect of diversity on functioning results from the interplay between the genetic structure of the community and resource complexity, with a direct interaction between genotypic richness and resource complexity (Jousset et al., 2011) . In contrast, Langenheder et al. (2010) found that both species diversity and substrate richness enhanced functioning, but no direct interaction was observed. Another explanation for the positive effect of residue addition is that enhanced individual interactions with higher diversity increased the access to the added resources through facilitation. Thus, we verified our hypothesis that addition of resources modified the effect of species loss on ecosystem functioning, which could also explain the apparent discrepancies observed between studies investigating the role of microbial diversity using different soil types (Griffiths et al., 2001; Wertz et al., 2006) .
In conclusion, analysis of the impact of the removal experiment on the denitrifier diversity using high-throughput sequencing revealed that despite dilutions of up to five orders of magnitude, the diversity of this functional community did not drop drastically with a decrease of about 75% of the measured OTU richness. However, this decrease in the denitrifier diversity or in any other microbial guild was sufficient to result in a significant decrease of 4-5 folds in the denitrification activity, indicating a limited functional redundancy of the soil microbial community. We also found that the soil resource level had a significant impact on the shape of the denitrifier diversity-activity relationship. Altogether, our results showed that biogeochemical cycling in soil can be affected by diversity loss, which highlights the functional consequences of this major threat to which soils are confronted (Commission of the European Community, 2006). More studies are now required to evaluate the extent of the impact of microbial diversity loss on other soil functions and services in relation to community composition and species identity.
